Abstract Optimization studies of plasma smelting of red mud were carried out. Reduction of the dried red mud fines was done in an extended arc plasma reactor to recover the pig iron. Lime grit and low ash metallurgical (LAM) coke were used as the flux and reductant, respectively. 2-level factorial design was used to study the influence of all parameters on the responses. Response surface modeling was done with the data obtained from statistically designed experiments. Metal recovery at optimum parameters was found to be 79.52%.
Introduction
Red mud is the name associated with the brick red colored waste that is generated from alkaline leaching of bauxite to extract alumina through Bayer's process [1] . Production of 1 ton of alumina generates 1∼1.5 ton of red mud. Around 90 million tons of red mud is discharged every year all over the world. Red mud has the potential to seriously affect the surrounding environment and water due to its highly alkaline nature, with its pH varying between 10 and 12.5. Some potential problems that occur due to red mud include seepage of the alkaline supernatant from the containment barrier into underground water, and spillage of red mud slurry due to damaged pipe lines. Moreover, a vast area of land is required for its disposal [2] . Red mud contains a considerable amount of hydrated oxides of Al and Fe other than TiO 2 and some other valuable constituents in minor quantity. Hence, disposal of red mud as well as simultaneous recovery of metal values is attracting much attention [3] .
Many attempts have been made to recover the metal values via various routes. Iron from red mud has been reported to be separated by physical methods [4] . In this process the waste material was washed a number of times, followed by grinding. The fine ground material was subjected to high grade magnetic dressing. The possibility of using red mud in blast furnaces was investigated [5] . Fe values were recovered by high temperature reduction followed by magnetic separation [6] . Metallic iron could be obtained by direct reduction using a reducing agent or reducing gas [7] . The reduced mass could be considered as feed material for conventional steel making furnaces or fed directly to blast furnaces. The red mud was pelletized with dolomite and coke. The pelletized mass was sintered at 1100
• C followed by smelting at 1500
• C to produce pig iron and slag containing other materials constituting the red mud [8] . Thermal plasma is eco-friendly with very low effluent production, which makes it increasingly attractive for various metallurgical applications. Generation of high density ionic charge helps uniform heat transfer to the charged material at a faster rate, hence reaction time is very short. A clear slag-metal separation can be obtained in this process [9] . Moreover, unlike blast furnaces, for plasma reactors any specific shape or size of the feed is not required. Hence, fines can also be used as feed for the thermal plasma operations.
Response surface modeling studies explore the relationship between variables and the responses. An optimal response can be obtained using this technique after conducting statistically designed experiments, even when the detailed knowledge of the process is not available. Earlier, sulphuric acid leaching of TiO 2 from red mud has been studied using such statistical modeling [10] . The present work involves the response surface modeling to determine the maximum pig iron recovery in thermal plasma smelting under optimum conditions.
Materials and methods

Materials
Red mud, lime grit and LAM coke were supplied by Vedanta Aluminium Ltd, Lanjigarh, Odisha. Received red mud was dried at 110
• C to remove the water content. Composition of red mud was as follows: 8.72% 
Experiment
Smelting studies were carried out in a 35 kW dc extended transferred arc plasma reactor. The reactor is basically a pot type reactor with a zircon coated graphite crucible as the furnace hearth, which is thermally insulated by bubble alumina. Graphite electrodes are arranged in a vertical configuration. The bottom electrode (anode) is kept stationary and top one (cathode) with an axial hole for passing the plasma forming argon gas is actuated by rack and pinion mechanism for arc stabilization. The hearth is provided with a graphite spout to tap both metal and slag. A schematic diagram of the reactor is given in Fig. 1 . The smelting charge calculations were based on 500 g scale of red mud in a batch. Flow of argon gas was regulated at 1.0 L/min throughout the period of experiment. An average arc voltage of 50 V and 250 A current were maintained during the experiment. Temperature observed in the plasma reactor was 1400
• C∼1600
• C. 
Statistical modeling
The principal steps of statistically designed experiments are determination of response variable, factors and factor level; choice of experimental design; and statistical analysis of the data. The objective is to evaluate the factors affecting the pig iron recovery from red mud. Design of experiments was carried out based on the design suggested by Montogomery [11] . A 2-level factorial design, followed by response surface modeling was done to optimize the metal recovery with respect to the energy consumption (E.C.). Design Expert v 8.0 was used for this work.
3 Results and discussion
Physico-chemical characterization
The XRD pattern of the red mud is shown in Fig. 2 . Iron phase was seen to be distributed into three different well defined phases such as Goethite, Hematite and Magnetite. The Magnetite minerals were characterized by peaks at 2.97 A, 2.1 A and 1.6 A. The other magnetic peaks such as 2.5 A and 1.48 A were masked by Hematite strong peaks of 2.51 A and 1.48 A. In a low temperature Bayer's process neither Hematite, nor Goethite nor Al substituted Goethite are attacked during digestion (Li, 2001) . At a higher digestion temperature, iron minerals react with alkali [12] . Goethite and Al-goethite are slightly more soluble than hematite, therefore after dissolution the same precipitate as hematite, which is very stable considering the Eh-pH diagram [13] . By considering the XRD, it can be concluded that the formation of Hematite is due to conversion of Goethite and Magnetite. Apart from iron minerals it shows the presence of Anatase (TiO 2 ). Al was present in a form of Diaspore. This may be due to the unreacted one present in the ore. The red mud showed well defined peaks corresponding to silica and calcium oxide. The reduction of red mud with coke under thermal plasma may have the following chemical reactions.
FeO + CO → Fe + CO 2
FeO + C → Fe + CO
(1/4)
The XRD pattern of metal is shown in Fig. 3 . It mainly contained metallic Fe. The chemical analysis showed that it contained 96% Fe. The impurities present were C, Si, O, and P. Carbon peaks may be due to the unreacted coke. The XRD pattern of the 
Statistical studies
Based on earlier experience, % reductant (LAM coke), basicity (maintained by adding the calculated amount of lime grit) and time were chosen as the factors. % Metal (pig iron) recovery and energy consumption (kWh/kg of metal and slag produced) were considered as the responses. Experiments were carried out as per the standard design of experiments technique. Coding was done to reduce the range of each factor to a common scale, regardless of the magnitude; the typical scheme is to set −1 as the lower level, +1 as the upper level and 0 as middle level with the equation given as Code = Actual value-Factor mean Range of factorial value/2 .
Total factors being 3, 2 3 smelting experiments were carried out as per the factorial design to observe the effects of the parameters on the metal recovery and energy consumption. Table 1 gives the summary of the factorial design with codes A, B, C for the 3 factors and Y1 and Y2 as the responses as discussed above. Experimental results in the form of % metal (pig iron) recovery and energy consumption (E.C.) have been given in Table 2 , as against the coded factors.
The half normal plot for the metal recovery shown in Fig. 5 , presenting the absolute values of all effects, distinguishes between the factors and interactions that are significant for the metal recovery and the ones that are less or not significant. It is observed that A and C are the major individual factors, the former having a significant negative role. Interactions of A with B and A with C have equally significant roles in opposite directions. Interaction of A, B and C has also an important role to play, but interaction of B with C is 
Half normal plot for energy consumption shown in Fig. 6 indicates that C is the most significant factor. Factor A and interaction of A and C have little influence on E.C., whereas, factor B and all other interaction have no influence at all. The coded equation is thus:
Energy consumption = 13.87 − 0.29
Optimization studies were carried out using the central composite design (CCD), the most popular response surface model (Meyer, 1971). A CCD has two level factorial points, axial points and central points. The axial points have all of the factors set to 0, the midpoint, except one factor, which has the value +/− alpha. Alpha represents the distance from the center of the design space to an axial point. In this work, the number of factors being less than 5, a rotatable model was chosen, which corresponds to alpha value of 1.68. The design summary is given in Table 3 and design data are given in Table 4 .
For predicting % metal recovery, a quadratic model was found to be the best fit, which is given below in terms of actual factors. The lack of fit, F value is defined as F value = Est. of residual − Corrected for pure error variance Estimate of pure error variance .
(13) The model F value of 3.97 suggests that the model is significant and there is only 2.12% chance that a "Model F value" this large could occur due to noise. Values of "Prob>F " less than 0.0500 indicate that model terms are significant. The "Lack of Fit F value" of 55 implies the lack of fit is significant. There is only a 0.02% chance that "Lack of Fit F value" this large could occur due to noise. The ANOVA is given in Table 5 .
Similarly, a linear model with an R-squared value of 0.96, was found to be the best fit for the energy consumption; the model equation is: Studies were carried out to maximize the metal recovery and minimize the E.C.separately. Subsequent studies were done to maximize the metal recovery and minimize the E.C. simultaneously. Optimization gave a number of solutions for every case. However, the best ones were selected. The model was optimized keeping all factors in range and maximizing the % metal recovery. The optimum conditions were found to be reductant 15%, basicity 0.35 and time 33.46 min. Possibility of 79.52% metal recovery was predicted for these optimum conditions. Similarly, energy consumption was minimized keeping all factors within range. 52.53% metal recovery was possible under the conditions of reductant 26%, basicity 0.5 and time 20 min. Simultaneous maximization of metal recovery and minimization of energy consumption gave the optimum conditions of reductant 15%, basicity 0.35 and time 23.10 min, in 
Conclusion
Statistically designed experiments were carried out for smelting studies of red mud, and optimum conditions for maximizing iron recovery and minimizing energy consumption were determined using central composite design. Reduction of red mud in a thermal plasma route is mainly dependent on the factors like reductant, basicity and time, though basicity played a less important role compared with the other two. Input power being fixed at 12.5 kW, time was the major factor influencing the energy consumption. A quadratic model was established for the metal recovery and a linear model was established for the energy consumption. The residuals and lack of fit tests confirmed the significance of the models. The model predicted a maximum of 79.52% iron recovery, which was experimentally verified. As the model estimates experimental results satisfactorily, it can be said to be an efficient one. It is believed that obtained results may provide a background for further studies to achieve optimum conditions for pilot and large-scale applications.
